Abstract L-Triiodothyronine (T3) stimulates DNA synthesis and replication of cultured GC cells, a T3-responsive growth hormone (GH)-secreting cell line. To determine whether T3 stimulates secretion of an autocrine growth factor, we compared the growthpromoting activity of medium conditioned by T3-stimulated and T3-depleted cells to that of unconditioned medium. Addition of polyclonal rabbit anti-T3 serum to T3-containing media decreased cellular T3 content by 50-70%. In unconditioned medium, anti-T3 serum decreased T3-induced cell growth and GH production by 40-70%. In conditioned medium, anti-T3 serum also effected a 45-70% decrease in induction of GH secretion but did not attenuate the growth-promoting activity. Growth-promoting activity was not detected in medium conditioned by T3-depleted cells. Thus, conditioned medium from T3-containing GC cell cultures contains growth-promoting activity that is independent of T3. Further, the induction of GC cell growth by T3 may occur, at least in part, by induction of an autocrine growth factor.
Introduction
Thyroid hormone is an absolute requirement for normal growth and development of many tissues (1) (2) (3) (4) (5) (6) (7) ; the nervous system is particularly sensitive to this hormonal effect (8-1 1) . Although critical for cell growth, these previously reported experimental systems have not been developed to a sufficient extent to elucidate the mechanism by which thyroid hormone regulates growth (1-1 1) . We have demonstrated that the anterior pituitary of hypothyroid rats has a 70% reduction in number of somatotrophs, the cell line that synthesizes and secretes growth hormone (GH)l (12) . When hypothyroid rats were injected with 3,5,3'-triiodo-L-thyronine (T3), we observed a marked increase in the rate of DNA synthesis of the somatotrophs after 2-5 d (13) and a complete restoration to normal of the somatotroph population Address reprint requests to Dr. Surks. Presented in part at the Annual Meeting ofthe Association of American Physicians, 2 May 1986 in Washington DC, and published in abstract form (1986. Clin. Res. 34:714a) .
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1. Abbreviations used in this paper: DME, Dulbecco's modified Eagle's medium; EGF, epidermal growth factor; GC, cultured growth hormoneproducing cells; GH, growth hormone; IGF, insulinlike growth factor; NGF, nerve growth factor, SMG, submandibular gland.
after 5-10 d (14) . These findings suggested that the growth of somatotrophs was regulated by thyroid hormone. More recently, we have shown that cultures of GC cells, a cell line that was cloned from a rat somatotrophic tumor, provide a useful experimental model for more detailed studies of T3 effects on cell growth than can be performed in vivo. Similar to the somatotrophs in vivo, GC cells require thyroid hormone for optimal growth (15) as well as for GH production (16, 17) . Although GH is induced by T3, the secreted GH does not appear responsible for the hormonal induction of GC cell growth (15) . The doubling time of asynchronous populations of GC cells is [30] [31] [32] [33] [34] [35] h in the presence of 0.18 nM T3. This is a physiologic T3 concentration that results in one-half saturation of the iodothyronine nuclear receptor (16) . The doubling time is increased to 100-120 h in cultures maintained in T3-depleted medium (10 pM) (15, 18) . We have previously reported that the growth-promoting action of T3 in cultured GC cells occurs during the first 4-6 h of the GI period, has dose-response characteristics that suggest mediation by the nuclear iodothyronine receptor and requires protein synthesis (19, 20) . These findings suggested that T3 might stimulate growth by induction of specific regulatory protein(s) during the early GI period. We have now investigated the possibility that stimulation ofgrowth by T3 may be mediated by a secreted protein(s) that functions as an autocrine growth factor. To test this hypothesis, we studied the induction of GC cell growth in conditioned medium from T3-stimulated and T3-depleted GC cell cultures and compared these responses to those of unconditioned medium.
Methods
Preparation ofconditioned medium. Monolayer cultures ofGC cells were maintained in Dulbecco's modified Eagle's medium (DME) supplemented with 10% serum (calf/horse, 2:1) (Gibco Laboratories, Grand Island, NY) in 75 cm2 tissue culture flasks (Lux Laboratory Plastics, Miles Scientific, Naperville, IL). The plating density was 1.0 X 106 to 1.4 X 106 cells per flask. All cell culture was performed in a 5% CO2 atmosphere at 370C. The concentration of T3 in total medium was 0.3 nM (15) . When cultures had attained a density of 7-9 X 106 cells per flask, medium (12 ml/flask) was exchanged for DME, which was supplemented with 10% thyroidectomized calf serum (Rockland Animal Farms, Gilbertsville, PA) with added T3 (0.2 nM in complete medium). The thyroidectomized calfserum had previously been treated with Dowex 1 X 8 400 anion exchange resin by the method of Samuels et al. (21) to insure complete removal of endogenous thyroid hormones. After treatment with resin, the T3 (22) and T4 (Clinical Assays, Cambridge, MA) concentrations of the thyroidectomized calf serum were < 50 pM and mized calf serum that was not supplemented with T3 (T3 concentration, 5 pM in complete medium) 2 d before beginning the 24-h collection of conditioned medium. Cell density was adjusted to be comparable to those cultures employed for collection of conditioned medium in the presence of 0.2 nM T3, as indicated above.
Anti-T3 serum. To determine the growth promoting activity of conditioned medium containing physiologic concentrations ofT3 (0.2 nM), it was necessary either to remove T3 from the medium or reduce its biological activity. This was accomplished by addition of rabbit anti-T3 serum to the conditioned medium to reduce cellular T3. Rabbit anti-T3 serum was developed by injection of a T3-albumin conjugate as described previously (22) . To titrate the concentration of anti-T3 serum against cellular T3 content, cultures of GC cells were maintained in DME containing 10% serum (calf/horse, 2: 1) in 60 mm diam tissue culture plates as previously described (15) . The T3 concentration in complete medium was 0.3 nM. Measurements of the effect of anti-T3 serum on T3 distribution were carried out when cells had grown to a density of 2. (15, 20) .
Assay of growth-promoting activity. Growth-promoting activity of conditioned medium was determined in GC cell cultures that were maintained in T3-depleted conditions. Cells were plated at a density of 125,000/25 cm2 flasks in DME containing 10% serum (calf/horse, 2:1). After 24 h, medium was exchanged for DME containing 10% resintreated thyroidectomized calf serum (T3, 5 pM). After 72 h, medium was removed and then replaced with experimental medium. In general, five experimental conditions were studied: unconditioned medium containing 10% resin-treated thyroidectomized calf serum; unconditioned medium containing 10% resin-treated thyroidectomized calf serum supplemented with T3 (0.2 nM) and either anti-T3 serum or normal rabbit serum (5 Ml/ml medium) and conditioned medium (0.2 nM T3) containing either anti-T3 serum or normal rabbit serum (5 MAl/ml medium).
Cultures were refed with the respective experimental media after 48-72 h and cells were harvested for DNA determination after an additional 48-72 h (total, 120 h in experimental media). Similar results were obtained when growth rates were studied between 72 h and 120 h of incubation in experimental media. In some experiments, media from the last 48-72 h of culture with experimental media were retained for determination of GH.
Assays of growvth were also carried out in 24-well multi-well tissue culture plates with lids (Falcon Plastics, Div. Becton Dickinson Co., Oxnard, CA). Cells were plated at a density of -25,000 per well in DME containing 10% serum (calf/horse, 2: 1). After 24 h the media were exchanged for DME containing 10% resin-treated thyroidectomized calf serum (T3, 5 pM). After 72 h, media were exchanged for experimental media. These cultures were refed with the respective experimental media after 48 h and cells were harvested for protein determination after an additional 48 h.
Assays. DNA was determined by the diphenylamine reaction by the method of Giles and Meyers (24) (23) . The present data show that addition of increasing amounts of anti-T3 serum resulted in a progressive decrease in cellular T3 to a nadir at between 3 gl antiserum/ml medium and 5 Ml antiserum/ml medium. In con- Evidence that depletion of cellular T3 by anti-T3 serum resulted in decreased hormonal activity is shown in Table I . Significant stimulation ofGC cell growth measured by an increment in DNA synthesis (experiment 1) or cell protein (experiments 2 and 3) was apparent for cultures maintained in fresh, unconditioned medium that was supplemented with 0.2 nM T3. Addition of anti-T3 serum significantly attenuated the increase in DNA or protein induced by T37. In the presence ofanti-T3 serum, the T3-stimulated increase in DNA was prevented in experiment 1 and the increase in cell protein was inhibited by 40 and 54%, respectively, in experiments 2 and 3. These studies suggest that addition of sufficient anti-T3 serum to fresh unconditioned medium to decrease GC cell T3 concentration results in a significant decrease in T3-induced stimulation of cell growth.
The relationship between magnitude of the depletion of cellular T3 (Fig. 1 ) and decrease in cell growth (Table I) in the presence of anti-T3 serum can be appreciated by analysis of T3 dose-response curves for cell growth. Fig. 2 Two experiments were then carried out to determine whether the attenuation of cell growth observed in cultures with anti-T3 serum resulted from binding of T3 by anti-T3 serum and a decrease in cellular T3. Cell growth of cultures maintained in the presence of anti-T3 serum was determined after cellular T3 was restored to control values by addition ofT3 (Fig. 3) . Preliminary studies of T3 distribution were carried out as described for Fig.  1 Studies in conditioned medium. In contrast to these findings for unconditioned medium, addition of anti-T3 serum did not appear to decrease the induction of cell growth by medium that also contained 0.2 nM T3 but which was conditioned for 24 h by GC cells (Table I) . In experiments 1 and 3, cultures maintained in conditioned medium exhibited a growth response that was comparable to that of unconditioned medium containing T3 and in experiment 2, the growth stimulation caused by con- ditioned medium significantly exceeded that of unconditioned medium containing T3. In all three experiments, however, addition of anti-T3 serum to the conditioned medium did not significantly influence the induction of growth by that medium. Since anti-T3 serum significantly decreased T3 action when added to fresh, unconditioned medium, these findings suggest that conditioned medium may contain growth-promoting activity that is independent of the presence of T3.
To establish that addition of anti-T3 serum to conditioned medium reduced the cellular action of T3 at the same time that growth stimulation was maintained, we compared the simultaneous effects of anti-T3 serum on induction of both growth and GH for cultures maintained in unconditioned and conditioned medium (Figs. 4 and 5) . Since T3 specifically induces GH production in GC cells (17, (27) (28) (29) (30) , measurements of GH concentration in medium by radioimmunoassay provide a convenient and specific bioassay for T3 action in these cells. Moreover, the virtually identical T3 dose-response curves for induction of both growth and GH as illustrated in Fig. 2 facilitate quantitative comparisons between these biological parameters. Mean GH production (nanograms per hour per 106 cells) ofcultures maintained in T3-depleted (5 pM) unconditioned medium was 0.08±0.01 and 0.07±0.01 in experiments 4 and 5, respectively. Addition of0.2 nM T3 to fresh, unconditioned medium resulted in an increase in GH production to 0.99±0.02 and 0.91±0.05 ng/h per 106 cells, respectively. As shown in the left panels of Fig. 4 , addition ofanti-T3 serum decreased the induction ofGH by T3 by -50% in each experiment.
As shown in the right panels of Fig. 4 , conditioned medium that contained 0.2 nM T3 also stimulated GH production. In comparison to the control T3-depleted cultures, the induction ofGH by conditioned medium was 14-fold in experiment 4 and 7-fold in experiment 5. Similar to our findings for unconditioned medium (Fig. 4, left panel) , addition of anti-T3 serum to conditioned medium resulted in a significant decrease in the induction of GH (Fig. 4, right panels) . In the presence of anti-T3 serum, GH production was attenuated by 74% in experiment 4 and 38% in experiment 5. These studies suggest that addition of anti-T3 serum effected a comparable decrease in T3 action as assessed by GH production for cultures in unconditioned and conditioned medium. Different results were obtained when DNA was determined in the same cultures that were used for measurement of GH production (Fig. 5) . Mean DNA ofcultures in fresh, T3-depleted unconditioned medium was 11.5±0.3 Mg/dish and 8.5±0.1 ug/ dish in experiments 4 and 5, respectively. Treatment with 0.2 nM T3 resulted in 3.0-fold increase in DNA in experiment 4 and 3.8-fold increase in DNA in experiment 5. As shown in Fig.  5 (left panels), addition of anti-T3 serum to unconditioned medium significantly decreased the T3-induced augmentation of cell growth. The mean decrease was 46 medium for experiments 4 and 5, respectively. Although addition of anti-T3 serum caused a small decrease in DNA in these cultures, the change was not significant statistically. Moreover, the increment in DNA of cultures maintained in conditioned medium supplemented with anti-T3 serum remained equivalent to that of cultures in fresh, unconditioned medium. These studies suggest that conditioned medium contained significant growthpromoting activity even in the presence of anti-T3 serum.
To determine whether the presence of T3 during the conditioning ofthe medium was required for the growth-promoting activity observed in conditioned medium, we determined the growth-promoting activity of medium conditioned by GC cells that were depleted ofT3. The cell number ofthe producing cells to the cell number of all other preparations of conditioned medium in this investigation. Similar to the above results, addition of0.2 nM T3 to T3-depleted assay cultures resulted in a significant increase in mean DNA per dish (Table II) . However, in contrast to the results employing conditioned medium from cells grown in the presence of T3, medium that was conditioned by T3-depleted cultures did not seem to contain significant growth promoting activity. This finding suggests that the presence of T3 during conditioning of the medium is required to demonstrate the growth-promoting activity. The present findings suggest that T3-containing conditioned medium also contained growth-promoting activity that was independent of T3. Since the conditioned medium contained serum, we could not distinguish between two possible mechanisms for this effect: (a) that GC cells secrete a mitogen that stimulates GC cell growth and (b), that the presence of the cells and T3 alter a mitogen already present in the thyroidectomized calf serum and enable it to stimulate cell growth. To help distinguish between these possibilities, we measured the growthpromoting activity of serum-free conditioned medium. Similar to the experiments described above, cells were cultured in 10% serum-containing medium until cell number was 7.0 X 106 to 9.0 X 106 per flask. The medium was then removed and the cells were rinsed twice with serum-free medium. Serum-free conditioned medium was then collected after additional 24 h. Table III shows the results offour experiments. Similar to studies described in Table I and Figs. 4 and 5, incubation with unconditioned medium containing 0.2 nM T3 or conditioned medium with added anti-T3 serum resulted in a similar and significant increase in cell growth. The data also show that medium conditioned in the absence ofserum resulted in a significant increase in cell growth (P < 0.005-P < 0.001). The mean increment in cell growth resulting from incubation with serum-free conditioned medium was 34% of the increment in growth produced by unconditioned medium (0.2 nM T3) or serum-containing conditioned medium in the presence of anti-T3 serum. Similar findings were obtained when the serum-free medium was conditioned in the presence or absence of 0.1 nM T3. In the latter experiment growth stimulation was tested after addition ofanti-T3 serum.
Discussion
Our present findings extend earlier observations from our laboratory using a cultured somatotrophic cell line (GC) as a model system to examine the effects ofthyroid hormone on cell growth. In those studies, we reported that T3 accelerated the rate of cell growth by shortening the GI period from a mean of 79.4±2.2 h to 10.0±0.05 h (15) . This action ofT3 appeared to be restricted to the first 6 h of the GI period, had a dose-response curve and iodothyronine analogue specificity that suggested mediation by the nuclear iodothyronine receptor, and required protein synthesis (19, 20) . Our findings thus suggested that T3 might induce growth by means of induction of a specific growth promoting peptide. We now report that conditioned medium from GC cells cultured in the presence ofphysiologic concentrations ofT3 (0.2 nM) stimulates growth of T3-depleted GC cells cultures even in the presence of anti-T3 serum, which was added to decrease cellular T3. In contrast, medium that was conditioned by a similar number of GC cells maintained in the absence of T3 appeared devoid of this growth-promoting activity. The presence of T3 during conditioning of the medium thus appeared to be required for the presence ofthe growth-promoting activity. These findings suggested that T3 stimulates growth of asynchronous GC cell cultures, at least in part, by promoting secretion into the medium ofan autocrine growth factor. We cannot at this time, determine whether this autocrine growth-promoting mechanism is responsible for the growth-stimulating action of T3 during the first 6 h ofthe Gl period. Such studies will require analysis ofconditioned medium from synchronized cultures of GC cells. Although we may speculate that T3 primarily induced the secretion into the medium of an autocrine growth stimulator, our present studies do not address this issue directly. From previous reports from our laboratory (15) , we may assume that the GC cells employed for conditioning the medium were doubling every 24.6±0.6 h when T3 was maintained at 0.2 nM and at every 112.0±0.2 h when T3 was maintained at < 10 pM. Thus, the growth-promoting activity observed in the medium from cultures growing in the presence of T3 might be a function of rapid cell growth rather than a primary response to T3. It is possible that T3 may stimulate growth by a separate mechanism and that growing cells produce the growth factor described in this report. Since the rate of GC cell growth depends on T3 (15, 18) , experimental protocols to distinguish between these possibilities have not yet been developed. Resolution ofthis interesting question will probably require purification of the growth-promoting activity and appropriate biochemical studies.
Since growth-promoting activity of conditioned medium from cultures in T3-containing medium could be due to the T3 in the medium or to an induced growth factor, it was necessary to develop a strategy either to remove the T3 or decrease the cellular T3 content to test for the presence of growth factor activity. Several approaches were taken to accomplish this goal.
In several studies, addition of Dowex 1 X 400 anion exchange resin (21) to conditioned medium effectively removed T3. Even after removal ofthe resin by centrifugation and extensive dialysis against serum-free unconditioned medium, however, the resulting medium appeared toxic to control cultures. T3 was also removed effectively (90% in 24 h) when conditioned medium was dialyzed against unconditioned medium containing the same resin. Although some studies with this medium did suggest the presence ofgrowth-promoting activity, results were not consistent because of intermittent cell toxicity. These experiences led to the direct addition of anti-T3 serum to conditioned medium in order to decrease the cellular concentration of T3. Cell toxicity, in the form of detachment from the plate or cell death was not observed in incubations with anti-T3 serum. Addition of anti-T3 serum as employed in these studies resulted in a 50-70% decrease in GC cell T3 concentration, and, when added to fresh unconditioned medium, an 40-70% decrease in induction of cell growth and GH production by T3. Our studies also suggest that these effects of anti-T3 serum resulted specifically from depletion of cellular T3. When cellular T3 pools were restored to normal values by addition of T3 (1.0 nM), cell growth was also restored to control rates. Addition of anti-T3 serum to conditioned medium also attenuated GH production suggesting a similar decrease in cellular T3 levels to the studies in unconditioned medium. However, the finding that growth induction was not significantly altered when anti-T3 serum was added to conditioned medium suggested the presence in conditioned medium ofgrowth-promoting activity that was not related to cellular T3.
Although our studies show that conditioned medium from T3-treated GC cells contained growth-promoting activity, they have not yet shed light on the chemical nature of the activity. In preliminary studies, we have demonstrated that the growthpromoting activity is retained after dialysis using membranes with a 3,500-D pore size. Thus, the activity seems to be a macromolecule, probably, by analogy with other growth factors, a protein. It is of interest that after these results were presented (30a), Hinkle (31) reported that GH4CI cells also seemed to secrete an autocrine growth factor in the presence of T3. In those studies, the growth-promoting activity appeared to have a molecular weight 2 50 ,000 D suggesting that it was a protein or protein-bound. Since purification of the growth factor activity would be facilitated by the absence of the serum proteins in the medium, we have collected serum free conditioned medium that contains T3 and tested it for growth-promoting activity. Such medium exhibited reproducible growth induction, -34% that of serum-containing conditioned medium. The presence of growth-promoting activity in serum-free conditioned medium suggests that the cells are secreting a mitogen under the influence of T3. Since growth induction by serum-free conditioned medium is significantly less than serum-containing conditioned medium, it is also possible that some component in the calf serum is responsible for the full biological activity ofthe growthpromoting substance. Additionally, the cells under the influence of T3 may alter a mitogen present in calf serum which is responsible, in part, for some of the growth promoting activity of serum-containing conditioned medium. The further characterization of the T3-induced growth-promoting activity currently in progress, is required to distinguish between these possible mechanisms.
Published reports suggest that thyroid hormones may have a role in the regulation of several growth factors. Marek et al. (32) reported that somatomedin activity was significantly increased in hyperthyroid patients and decreased in patients with hypothyroidism. Decreased somatomedin-C concentration was also reported in 11 of 12 hypothyroid patients by Chernausek et al. (33) ; thyroid hormone therapy resulted in fourfold increase in somatomedin-C concentration in these patients (33) . These studies in human subjects suggest that thyroid hormones may regulate somatomedin-C but do not distinguish whether the regulation is a direct effect of thyroid hormone or is mediated by GH. Studies of somatomedin regulation in cultured human fibroblasts provide further insight into these issues. Clemmons et al. (34) showed that thyroxine did not augment somatomedin-C secretion in cultured quiescent fibroblasts. However, when quiescent fibroblasts were stimulated to enter the cell cycle by addition of platelet-derived growth factor, addition of T4 did stimulate somatomedin-C (35). Lastly, Binoux et al. (36) reported that short-term primary cultures of dissociated hypothalamus cells secrete insulinlike growth factor (IGF) into the medium and that addition of T3 augmented the medium IGF concentration in a dose-dependent manner. These studies together indicate that under some experimental conditions, T3 may stimulate secretion of IGF by cultured cells and may also augment somatomedin-C levels in human subjects.
Other studies show that thyroid hormones may regulate epidermal growth factor (EGF) and nerve growth factor (NGF) in neonatal and adult mice. EGF and NGF are present in high concentration in the submandibular gland (SMG) of the mouse (37, 38) . Administration ofthyroid hormone increases these levels in adult mice (39) (40) (41) (42) and precociously augments the concentration of both growth factors in neonatal submandibular glands (43) . The thyroid hormone-induced increase in SMG EGF is paralleled by an increase in EGF mRNA activity (44) . Somewhat conflicting data have been reported for NGF regulation in mouse L-cells. Siminoski et al. (45) showed that very high concentrations of T3 (10-5 M) 17 B-estradiol appears to induce epidermal growth factor-related polypeptides in MCF-7 human breast cancer cells, which act in an autostimulatory manner (47) as well as a 52,000-D glycoprotein that also seems to induce growth in an autocrine fashion (48) .
In other studies, conditioned medium from prolactin-treated tumors stimulates colony formation in soft agar of n-nitrosomethylurea-induced mammary cancer of rats (49) . Other cells appear to regulate their growth, in part, by production of autocrine growth factors. Such is the case for IGF I in smooth muscle cells (50) , platelet-derived growth factor in the osteosarcoma cell line, U-2 OS (51), transforming growth factor B in chemically transformed fibroblasts (52, 53) , and interleukin 2 in T lymphocytes (54, 55) . Several of the above growth factors influence growth of different tissues. Since T3 may regulate growth of many diverse cells (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (13) (14) (15) , a common mechanism employing production of a growth factor that regulates growth in an autocrine fashion may underly this hormonal action.
